Abstract: Stable nitrogen isotope ratios (δ 15 N) are commonly used to represent the trophic structure of aquatic systems, yet the ability of δ 15 N to indicate the trophic position of aquatic consumers remains untested using traditional dietary methods. Interpreting the δ 15 N of aquatic consumers relative to large, long-lived primary consumers such as unionid mussels provides a continuous measure of an organism's trophic position that adjusts for among-system variation in baseline δ 15 N. We used this method to estimate the trophic position of eight littoral fish species from 36 lakes in Ontario and Quebec. We validated these 
Introduction
Accurate representation and description of trophic relationships are essential to a wide range of ecological studies. The concept of discrete trophic levels is commonly used in ecological studies and has been used successfully in studies predicting contaminant bioaccumulation in top predators (Rasmussen et al. 1990; . Furthermore, trophic levels provide the framework for studies of cascading trophic interactions (Carpenter et al. 1985; Wooton and Power 1993) and ecological energetics and efficiencies (Lindeman 1942; Kerr and Martin 1970) . The food chain approach contrasts with food web studies, which focus on the complexity of trophic relationships in nature (Sprules and Bowerman 1988) . Although food web studies recognize and quantify important attributes such as omnivory, cannibalism, and reciprocal predation (Sprules and Bowerman 1988; Polis 1991) , designation of "trophic linkages" is a subjective process that fails to consider the energetic importance of the represented trophic connections (Paine 1988) .
Food chains and food webs represent extreme endpoints of models used to represent trophic relationships; both approaches have the potential to misrepresent the pathways of mass transfer and energy flow through ecosystems (Murdoch 1966; Kling et al. 1992; Vander Zanden and Rasmussen 1996) . Use of a continuous measure of trophic position (analogous to the concept of "realized" trophic structure of Kling et al. (1992) ) provides energetically based representations of trophic relationships (Levine 1980) . Trophic position calculations weigh trophic connections according to their relative energetic importance, thereby serving as a compromise between discrete food chain and food web models (Vander Zanden and Rasmussen 1996) . This general approach has been successfully applied to modelling of mercury ) and polychlorinated biphenyls (Vander Zanden and Rasmussen 1996) bioaccumulation in aquatic food webs.
A continuous measure of an organism's trophic position can be obtained in two ways. The dietary approach uses estimates of the trophic position of prey organisms and volumetric stomach content data, preferably for large numbers of fish. Weighted averages are then used to calculate a continuous measure of the population's trophic position (Winemiller 1990; Vander Zanden and Rasmussen 1996) . A second approach relies on the consistent enrichment of the stable nitrogen isotope, 15 N (3.4 ± 0.3‰) between prey and predator (Minagawa and Wada 1984; Owens 1987; Peterson and Fry 1987; , allowing its use as a measure of an organism's trophic position that accounts for omnivory . Previous comparative stable isotope -food web studies have been complicated by among-system variation in the 15 N signatures characterizing primary producers at the base of the food web. Cabana and Rasmussen (1996) overcame this problem by measuring an organism's 15 N ratios (δ 15 N) relative to the lake-specific δ 15 N signature of commonly occurring primary consumers such as unionid mussels. This provides a continuous measure of an organism's trophic position amenable to comparative, multisystem studies of trophic structure.
The objective of this study was to verify δ 15 N as a measure of trophic position for a series of littoral freshwater fish species. We calculated the trophic position of eight species of freshwater fish using dietary data and 15 N and compared the mean and variation in trophic position estimates attained using the two techniques. Previous studies have attempted to verify the δ 15 N measure of trophic position using within-system comparisons between dietary data and δ 15 N (Wainright et al. 1993) and attributed discrepancies to the inability of dietary data to represent temporal variation in feeding and errors in trophic position estimates of prey items. Our comparison differs in that it relies on dietary trophic position estimates for 342 fish populations and δ 15 N estimates from 113 fish populations from 36 lakes. Although the actual fish populations for our two methods do not overlap, the large sample sizes provide a robust comparison of these two measures of trophic position and serve as a test of the δ 15 N measure of trophic position recently proposed by Cabana and Rasmussen (1996) .
Materials and methods

Dietary analysis and trophic position calculations
Dietary data for adults of eight common eastern North American game fish species were collected from literature sources: northern pike (Esox lucius), chain pickerel (Esox niger), rock bass (Ambloplites rupestris), pumpkinseed (Lepomis gibbosus), smallmouth bass (Micropterus dolomieu), largemouth bass (Micropterus salmoides), yellow perch (Perca flavescens), and walleye (Stizostedion vitreum). Data for northern pike and chain pickerel were pooled due to the small number of lakes with chain pickerel and the similar ecology, morphology, and feeding behavior of these species (Scott and Crossman 1973) . These eight species were chosen because of the abundance of dietary data in the literature and because we have stable isotope estimates of trophic position for these same species from a large number of lakes.
Although the degree of taxonomic detail of prey categories in the published studies was highly variable, it was usually possible to separate prey items into the following categories: fish, zooplankton, omnivorous zoobenthos, predatory zoobenthos, mollusks, crayfish, detritus/plants/ debris, and others (includes mammals, birds, and amphibians and unidentified materials). For the two highly piscivorous species, northern pike and walleye, the fish component was further subdivided to species where data permitted.
Diet data expressed as the percent contribution of a prey item to total gut volume were used for this study (also reported as percentage of dry or wet weight). Data reported in the "percentage of total number of prey organisms" format were converted to percentage of total volume using prey weight values from the dietary study, or mean values from literature reports of invertebrate prey weight (Cummins and Wuycheck 1971; Driver et al. 1974; Smock 1980; Lawrence et al. 1987) . Data expressed as "percent frequency of occurrence" were not utilized in this study due to the potential error accompanying conversion of dietary data into a volumetric format.
When data for adult and juvenile fish were reported separately, only adult fish were retained for analysis; division of data in the published sources according to fish size, age, month, season, depth, and time of day was averaged for each year and treated as a single observation. When possible, data for multiple years from a lake were treated as separate observations, as a year roughly corresponds to the period of time for which an adult fish's diet is integrated using 15 N (Hesslein et al. 1993) . The fish dietary data set contained 342 lake-year observations for a total of 65 987 individual fish. The average diet (percent volumetric contribution of each of the previously mentioned prey categories) was calculated for each fish species.
Calculation of "trophic position" of a fish population required estimating the trophic position of prey organisms. We define primary producers as trophic level "1", primary consumers as trophic level "2", and so on. Since specific trophic interactions among invertebrate organisms remain poorly understood, the simplest possible assumptions concerning the trophic position of prey were used in this study (Table 1) . Prey items known to be predominantly predatory were assigned values of 3.0; strictly herbivorous prey were assigned values of 2.0. Prey items known to be omnivorous, such as zooplankton and most orders of aquatic insect larvae, were assigned an intermediate trophic position value of 2.5, for lack of information about their realized trophic position. For piscivorous fish, northern pike and walleye, trophic position was calculated in two ways. One used all the available dietary data and assigned all fish prey items to trophic level 3.5. The second approach used only data where the fish components of their diets were further broken down to species.
Clearly, a limitation of this dietary approach is that we must assume and simplify trophic interactions at lower levels of the food web. Although the trophic positions of prey items do vary within systems and through time, our large sample sizes would cause any errors associated with these assumptions to remain constant among the fish species included in this study. Following Winemiller (1990) and Vander Zanden and Rasmussen (1996) , the fish dietary data from each lake and the trophic position estimates for prey items were used to calculate trophic position for each fish population using the formula
where T a = mean trophic position of the ath predator population, V i = volumetric contribution of the ith prey item, and T i = trophic position of the ith food item. Although prey items may have been represented by discrete trophic level estimates, this weighted average calculation generates a continuous, fractional measure of trophic position for each fish population. The large number of populations included in this study permits a reliable estimate of the average trophic position for each species, as well as the degree of among-system variability in trophic position for each species.
N calculation of trophic position
Adult individuals of these eight fish species were collected from 36 lakes (113 fish populations) in Ontario and Quebec and were analyzed for δ 15 N using a Europa Tracermass mass spectrometer Vander Zanden et al. 1143 Rasmussen 1996) . These N isotopic values alone cannot be considered to represent trophic position, since the δ 15 N of primary producers (defined as organisms that convert inorganic N to organic N) are highly variable among systems (Kling et al. 1992; Kline et al. 1993; Cabana and Rasmussen 1996) and within systems through time (Toda and Wada 1990; Gu et al. 1994; Cabana and Rasmussen 1996) . This necessitates that the isotopic signature of fish be measured relative to a lake-specific "baseline" δ 15 N signature. Cabana and Rasmussen (1996) interpreted fish δ 15 N relative to unionid mussels. These relatively large and long-lived primary consumer organisms integrate temporal variability in primary producer δ 15 N, thereby representing the average baseline δ 15 N signature. Unionid mussel δ 15 N (n = 1-9 mussels per lake) were measured for each of the 36 study lakes. A continuous measure of trophic position (corresponding to the dietary estimates of trophic position) was calculated for each fish population using the formula 
Results
Dietary estimates of trophic position
The raw dietary data compiled for this study are presented in Appendix I. These data were summarized by calculating the average diet (percentage of total stomach volume ± 1 SD) for each species (Table 2 ). The summary results of the average diets of these fish are generally consistent with previous reports of the diets characterizing these species. Nearly 40% of the average diet of pumpkinseed consisted of mollusks. Fiftythree percent of yellow perch prey consisted of zoobenthos, of which more than 10% were identified as amphipods. Rock bass consumed 42% benthic invertebrates and 32% crayfish. The diet of smallmouth bass consisted of 37% fish, 28% zoobenthos, and 28% crayfish. Fifty percent of the average diet of largemouth bass consisted of fish prey. Both northern pike and walleye consumed about 85% fish. More detailed analysis of the fish components of the diets of northern pike and walleye (Appendix II) shows that walleye consume 29% yellow perch and only 8% cyprinids. Walleye diet also shows major contributions from smelt, trout-perch, and centrarchids. Northern pike consumed a broader range of prey, consuming similar amounts of yellow perch and cyprinids (13% each). Species exhibit a mean dietary trophic position estimate ranging from 3.3 to 4.4 (Fig. 1) . Pumpkinseed exhibit the lowest average dietary trophic position value of 3.3, while yellow perch and rock bass average 3.7; these three species tend to be centered between what are considered (in the classical food chain sense) secondary and tertiary consumers. Smallmouth bass and largemouth bass exhibit intermediate trophic position values averaging approximately 4.0, making them tertiary consumers. The piscivores, northern pike and walleye, both exhibit trophic position estimates of 4.35 when all the available dietary data are considered, and all fish prey are assigned to trophic level 3.5. When the data are limited to include only piscivore populations for which fish prey are identified to species, the average trophic position estimate of walleye remains the same, while that of northern pike drops by 0.07 trophic level.
d 15 N estimates of trophic position Average unionid mussel δ 15 N values (reported by lake) and estimates of mean trophic position for each fish population in this study are presented in Appendix III. Seventy-eight percent of the variance in individual mussel δ 15 N signatures is explained by the lake variable. Furthermore, the species of mussel did not vary significantly with mussel δ 15 N (ANOVA; p < 0.05). Trophic position estimates were generally similar to those determined using dietary methods, with average values ranging from 3.38 in pumpkinseed to 4.40 in walleye.
The mean δ 15 N trophic position estimates (± 1 SD) are directly compared with the mean dietary estimates of trophic position for each species ( Fig. 1; Table 3 ). The two measures of trophic position are in close correspondence (δ 15 N trophic position = 0.78 × dietary trophic position + 0.81; r 2 = 0.78). Northern pike are the only outlier, as northern pike gut content data indicate a mean trophic position value nearly 0.4 trophic level higher than the δ 15 N trophic position estimate.
Among-population variability in trophic position
Both dietary and isotopic evidence indicates relatively high levels of among-population variability, as seen in frequency histograms of dietary and δ 15 N trophic position values (Fig. 2) . The total range of trophic position among all species spans roughly two complete trophic levels. Trophic position also varies greatly among populations of a given species. The range in trophic position for a given species is about one trophic level for each of our study species; the degree of among-population variation is similar for dietary and isotopic estimates of trophic position. The observed among-population variation in trophic 
Discussion
Role of ÿ 15 N in food web studies The application of δ 15 N as a tracer of an organism's trophic position eliminates many of the problems encountered when using diet data to estimate trophic position. Use of δ 15 N represents the major energy flow pathways at lower trophic levels, offers a time-integrated measure of the organism's trophic position, accounts for temporal and spatial variation in feeding at multiple levels of the food web, and detects trophic interactions that are otherwise "unobservable", as gut contents can differ from the material actually assimilated by an organism.
Although use of δ 15 N is increasingly common as a tracer of trophic relationships, the N isotopic signature of primary producers is highly variable among systems (Kling et al. 1992; Kline et al. 1993; Cabana and Rasmussen 1996) and within systems through time (Toda and Wada 1990; Gu et al. 1994; Cabana and Rasmussen 1996) . As a result, δ 15 N should reflect an organism's trophic position for single-system studies (see Hobson and Welsh 1992; Wainright et al. 1993 ), but the applicability of δ 15 N as an absolute measure of trophic position (or food chain length) for comparative studies is limited because the isotopic signature of baseline organisms (phytoplankton and bacteria, which transform inorganic N into organic N) is highly variable and can be mistakenly interpreted as variation in trophic structure (Kidd et al. 1995; Wainright et al. 1996) . Cabana and Rasmussen (1996) used mussel δ 15 N signatures to correct for variability in average baseline δ 15 N signatures. These relatively large, long-lived primary consumer organisms filter-feed on phytoplankton and bacteria in the water column (Silverman et al. 1995) and thereby serve as integrators of temporal variation in the baseline N isotopic signature. Measurement of an organism's δ 15 N relative to that of a unionid allows a continuous measure of the organism's trophic position suitable for among-system comparisons.
Using simple and uniform assumptions, we test the δ 15 N method by comparing the average trophic position of eight common species of fish estimated from N isotope data with estimates obtained from a large fish dietary database. The close correspondence between the estimates of trophic position based on δ 15 N and those based on dietary data supports the validity of the isotope approach to the study of food chains proposed by Cabana and Rasmussen (1996) . Although diet and δ 15 N give corresponding estimates of average trophic position, the many advantages of δ 15 N analysis (see above) make it a preferable measure of trophic position or food chain length for aquatic consumers. Understanding of trophic relationships is enhanced through complementary use of baseline-corrected δ 15 N and gut content evidence. δ 15 N is used to quantify an organism's trophic position, while diet data, although subject to error when calculating trophic position for individual communities, reveal specifically which taxa are involved in feeding interactions.
Concept of trophic position
The prevalence of omnivory and the complexity of natural food webs suggest than neither discrete food chain nor connectance food web approaches will adequately represent the pathways Table 2 . Mean dietary data for littoral fish species included in this study. of energy flow and mass transfer in aquatic ecosystems (Vander Zanden and Rasmussen 1996) . The use of a continuous measure of trophic position attempts to strike a balance between food web approaches, which fail to weigh trophic connections according to their energetic importance, and linear food chain approaches, which ignore the omnivory and complexity that characterize ecosystems (Vander Zanden and Rasmussen 1996) . Thus, trophic position quantifies, as a continuous variable, how many times the biomass consumed by an organism has been metabolically "processed" within the food chain since inorganic molecules have been first synthesized into organic compounds. Species with the same trophic position can be pooled into trophic guilds, which serve as functional groupings analogous to the trophic level, the difference being that they assume noninteger trophic position values (Vander Zanden and Rasmussen 1996) . Note also that although a trophic guild includes organisms with similar trophic positions, members of a trophic guild may have different prey and different ecological niches within a food web (e.g., benthic versus pelagic predators). Use of stable C isotope ratios augments N isotope trophic position evidence by serving as a means of discriminating between benthic and pelagic sources of production (Hecky and Hesslein 1995).
Patterns in trophic position
The range in trophic position values is approximately one trophic level among populations of each of the study species. This within-species variability in trophic position can be attributed to one of two factors: highly flexible and opportunistic feeding of these fish species (Dill 1983) or variation in trophic position of prey organisms. Although this variation is likely a combination of the two sources, determining the relative importance of these sources of variation would require measurement of the trophic position of organisms situated lower in the food chain. Furthermore, our estimate of the variation accompanying mean dietary trophic position values is conservative, since it fails to account for the unknown variation in the trophic position of prey items. Previous evidence (Rasmussen et al. 1990; Vander Zanden and Rasmussen 1996) has shown that the presence/absence of pelagic forage fish and Mysis relicta are determinants of the trophic position of lake trout. However, the complexity of littoral food webs and the lack of presence/absence data for potential prey items make it impossible to follow a similar approach in the exploration of littoral aquatic food webs. The variability and unpredictability in trophic position among populations as shown by the δ 15 N data presented here indicate that knowledge of the trophic position of a given population does not necessarily represent that of other populations of the same species. This is clearly shown by our trophic position data calculated from δ 15 N where species can switch their trophic position from lake to lake (Appendix III). For example, smallmouth bass occupies a higher trophic position (4.43) than northern pike (3.69) by about 0.75 trophic level in Lake Mazinaw, but the respective trophic positions of these two species are essentially reversed in Lake Doré (trophic positions of 3.91 and 4.41 for smallmouth bass and northern pike, respectively). The impact of the presence of a particular predator on a lake community will therefore vary from lake to lake. As a result, relying on simple assumptions stereotyping the feeding ecology of a predator species will undermine our ability to predict its impact on a particular food web.
Dietary versus isotopic approaches
Although we report a close correspondence between dietary and δ 15 N estimates of trophic position, certain limitations of the dietary approach need to be considered. One limitation is that dietary trophic position estimates require assumptions of the trophic position of prey items, thereby introducing a source of error in fish trophic position. Our estimate of 2.5 as the trophic position of zooplankton prey contrasts with Sprules and Bowerman (1988) who reported that North American zooplankton food webs have a modal food chain length varying from one to eight trophic levels (averaging between three and five trophic levels). Sprules and Bowerman (1988) tabulated food chain length without integrating omnivory into the food chain length estimate; inclusion of omnivory would result in shorter food chain length values, perhaps resembling values reported in this study.
Although our mean prey trophic position assumptions appear to be reasonable (since dietary and isotopic trophic position estimates correspond), trophic interactions among organisms at lower trophic levels remain unquantified, and may be characterized by high levels of variation. So although these assumptions appear adequate for broad-scale comparisons, as presented herein, dietary estimates of trophic position may be inadequate where detailed information for individual communities is required.
Another problem with direct comparison of dietary and δ 15 N estimates of trophic position involves the differences in the way the two methods integrate variation in trophic position. Vander Zanden et al. 1147
δ 15 N provides a relatively long-term and time-integrated measure of an organism's trophic position that also accounts for variation in feeding at lower trophic levels, in addition to the higher trophic levels. Use of dietary data provides a snapshot in time of an organism's diet, which certainly does not represent the average trophic position of a population over the year. Furthermore, when calculating trophic position using dietary data, the variability accompanying the trophic position of prey items, which would be compounded up the food chain, is not passed on to predators.
Comparison of gut content and 15 N estimates of trophic position on a lake-specific basis can only provide a robust test of δ 15 N where a reliable dietary estimate of trophic position is available. But an accurate measure of trophic position for an individual population requires detailed gut content data for large numbers of fish, sampled throughout the year, a situation that is rare in dietary studies. We have overcome this problem by considering the mean trophic position of large numbers of populations, which serves to reduce the error that accompanies dietary trophic position estimates for any particular lake. Although northern pike are reported to be benthic invertebrate feeders in many lakes (Chapman et al. 1989; Craig and Babaluk 1989; Chapman and Mackay 1990) , these lakes were not included in this analysis because published data were presented as percent occurrence, which may not be reliably converted into a volumetric format. An effect of lake size is another possible explanation for the northern pike discrepancy. For our northern pike diet data set, lake size was positively correlated with northern pike trophic position (northern pike trophic position = 0.026(log lake area) + 4.21; n = 36, p = 0.008, r 2 = 0.19), and our northern pike diet study lakes tended to be larger than our δ 15 N study lakes. Although the difference in trophic position of northern pike remains unresolved, lakespecific diet data -δ 15 N comparisons could serve to resolve the discrepancies between the two measures of trophic position.
The presence of the additional trophic level for piscivorous fish species greatly complicates gut content trophic position estimates and introduces an additional source of error, since the trophic position of prey fish species must also be estimated. Although this was not a major problem in the simple and relatively linear pelagic systems leading to lake trout ( Vander Zanden and Rasmussen 1996) , estimating prey fish trophic position in the highly complex and species-rich littoral food webs becomes problematic. Although our designated trophic position estimates of littoral prey fish appear to approximate the average values for these items, our dietary calculations neglect the variation in prey trophic position, thereby underestimating the true degree of variation in average predator trophic position.
In summary, the stable isotope approach to measuring trophic structure has become widely used in ecology, offering the possibility of obtaining objective and repeatable measures of trophic position, food chain length, and omnivory (Kling et al. 1992; Hobson and Welsh 1992; . However, our ability to compare systems has been hampered by the problem of spatial and temporal variation in the δ 15 N signatures at the base of the food web. Cabana and Rasmussen (1996) proposed the use of long-lived sedentary primary consumers such as unionid mussels to control for such baseline variation in δ 15 N when calculating trophic position of consumers. The present study confirms the validity of this method by showing that δ 15 N-based estimates of trophic position in eight species of fish are strongly correlated with their trophic position estimated from dietary data. Note: Pump., pumpkinseed; Perc., yellow perch; Rb., rock bass; Smb., smallmouth bass; Lmb., largemouth bass; Pike, northern pike and chain pickerel; Wall., walleye.
